The X-ray crystal structure of the mono-hydrate of 2,2-bis(imidazol-1-ylmethyl)-4-methylphenol has been determined. Three hydrogen bonds hold water very tightly in the crystal, as determined by deuterium solid-state NMR. The hydrogen bond between the phenolic hydroxyl and water appears to have about the same strength as the direct hydrogen bond to imidazole, suggesting that the structure can be a good model for hydrogen bonds that are mediated by a water molecule in enzymes.
Introduction
Tyrosine plays an important role as electron transfer relay in a number of redox active enzymes (for a recent review, see Ref. [1] . We are particularly interested in the electron transfer from tyrosine to photo-oxidized chlorophyll P680 in PS II (Photosystem II) in green plants, algae and cyanobacteria. A number of studies have suggested that electron transfer from the redox active tyrosines, usually denoted Tyr Z and Tyr D , is facilitated by hydrogen bonding to a vicinal base, probably the imidazole unit of a histidine residue (D1-His 190 and D2-His 189, for reviews, see Refs. [2] [3] [4] [5] [6] [7] ). For Tyr Z , it has also been suggested that the distance to His 190 might be too long and that one or more water molecules between the two amino acids are necessary bridges in the hydrogen bond formation [8] . However, from the two most recent X-ray crystal studies, it appears that the Tyr Z and His 190 may in fact be sufficiently close for direct hydrogen bonding [9, 10] .
In a model study, we have earlier been able to demonstrate the importance of hydrogen bonding for the rate of electron transfer from tyrosine. It was found that while the rate of intramolecular electron transfer from tyrosine to the photogenerated ruthenium(III) in complex 1a was fairly low, k ET = 1.2 × 10 5 s − 1 , it was increased substantially, k ET > 10 7 s − 1 , by introduction of hydrogen bonding side arms, complex 1b [11] . We therefore decided to try to prepare related compounds, where imidazole units are attached to the phenol in a similar way as the side chains in complexes 1.
Results and discussion
By heating 2,6-dihydroxymethylphenol with excess imidazole, the compound 2 was readily prepared. NMR showed no high 1 H chemical shift (δ 10-14 ppm) for the phenolic proton that could be assigned to an intramolecular hydrogen bond interaction in the solvents used for analysis.
The poor intramolecular hydrogen bond situation within 2 was also confirmed by an investigation of a model structure, 2imidazol-1-ylmethyl-phenol, using DFT/B3LYP. The energies of the energy minima found, both for the apparent hydrogen bonded structures and non-hydrogen bonded ones, were all within an interval of 1 kcal/mol. This indicates a lack of a strong hydrogen bond interaction (which is expected to be many kcal/ mol) within the molecule. This is not surprising since the hydrogen bond accepting properties of pyrrole-type nitrogens are low because its low basicity.
Despite this, the IR spectrum of the material obtained from recrystallization from methanol/water indicated strong hydrogen bonding. The X-ray crystal structure of compound 2 was therefore determined. Somewhat surprisingly, the phenol 2 was found to crystallize in a 1 to 1 ratio together with water. The water molecules were inserted between the phenol molecules in such a way that the hydrogen bonds between the phenolic group and the imidazole in 2 were all mediated by them ( Fig. 1 ). The hydrogen bonded network, which is thus formed, is similar to that earlier suggested for the Tyr Z -His 190 [8] and ribonucleotide reductase (RNR) class 1 [12] , see below.
When we were about to publish our work, another crystal structure of 2, crystallized from ethanol/water, was published [13] . The two structures are essentially identical with only minor differences in the bond lengths, except for the bonding of the water molecule. Fairly complicated hydrogen bonding to the water molecule is suggested by Zhou et al. [13] . In our structure, the water molecule is held by three hydrogen bonds with an angle of 120°between them, one to the phenolic hydroxyl and two to neighbouring imidazole units. A planar structure is formed, where the oxygen of water is in the same plane as the three hydrogen bonds.
Our model suggests moderate to strong O-H…N and O-H… O linkages (Table 1) , with an O…N distance of 2.802 Å, which is very close to the imidazole-water hydrogen bond in the chains formed by 1-methylimidazole-4-carboxaldehyde and water (2.842 Å) [14] . This is also very close to the statistical mean bond length for moderate to strong hydrogen bonds, 2.84 Å, recently compiled by Steiner [15] . In fact, also the O…O (2.669 Å), N…H (1.87 Å), and the O…H (1.73 Å) bond lengths agree with the mean average values (2.68, 1.88, and 1.72 Å) [15] . Fig. 2 illustrates the hydrogen bond network in crystals of 2. Similar networks are suggested for the binding of water in protein water channels [14] . Such networks are also formed in a number of enzymes. Some representative recent examples include ribonucleotide reductase [12] , cytochrome c oxidase [16, 17] , bacteriorhodopsin [18, 19] , carbonic anhydrase [20] , and cytochrome P450 [21, 22] .
To obtain information on the water mobility, we have acquired 2 H nuclear magnetic resonance (NMR) spectra of powder samples of compound 2 within the temperature range − 5 to 85°C. Deuterium NMR is a well-established approach to study motional properties of molecules in solid materials, and the essential feature of this spectroscopic method is that the width and shape of the NMR signal is very sensitive to the dynamics of the deuterated site. A more detailed discussion of motional effects on 2 H solid-state lineshapes can, for instance, be found in ref [23] . In Fig. 3 we show 2 H NMR spectra of compound 2 at low and high temperature. The powder pattern obtained at −5°C exhibits a splitting of 125 kHz. This value is characteristic of deuterons that are almost stationary [23] . The high-temperature line shape is very similar to the one recorded at − 5°C, indicating that the water mobility does not increase significantly upon heating of the sample. The only obvious difference between the two spectra in Fig. 3 is the sharp peak at zero frequency observed at 85°C which is indicative of isotropically reorienting deuterons. This feature may be ascribed to non-coordinated water on the surface of the crystals. The 2 H line shapes acquired at 10, 25, 40, 55, and 70°C (not shown) are very similar to the ones displayed in Fig. 3 . The primary finding from the NMR data is thus that the water molecules are essentially immobile up to a temperature of 85°C. This is a further indication that the hydrogen bonding between water and 2 is rather strong. The published structures of enzymes with bound water are generally not sufficiently accurate for an exact determination of the hydrogen bonding around the water molecules.
The bond structure shown in Figs. 1 and 2 could therefore be a useful model for hydrogen bonding between tyrosine and histidine, which is mediated by a water molecule. The two imidazole units form quite strong hydrogen bonds to the water molecule as indicated by bond distances (see above), increasing the negative charge on the oxygen to make it better acceptor than normal for water. This should increase the strength of the hydrogen bond between water and the phenolic OH group. The O-O bond distance, 2.609 Å is characteristic of a fairly strong hydrogen bond [15] , probably of about the same strength as the direct hydrogen bond between phenol and imidazole. This conclusion is supported also by the fact that the PhO-H and PhO…O W bond distances (0.94, 1.73 Å) are comparable to the related PhO-H and PhOH…N bond lengths of the direct intermolecular hydrogen bonds between the phenolic group and imidazole in crystals of 3 and some related compounds (0.94-1.01 and 1.70-1.90 Å, respectively [24] ). As indicated in Introduction, direct hydrogen bonding increases the rate of electron transfer from phenols. From our results here, we propose that hydrogen bonding mediated by a water molecule will have the same effect. An example of an enzyme where this might be important is ribonucleotide reductase, where such a bond appears to be formed, Fig. 4 [12] . Another example is PS II, where proton coupled electron transfer, promoted by hydrogen bonding, probably takes place [25] . It now seems probable that tyrosineZ and His 190 are close enough for direct hydrogen bonding [9, 10] but even at a distance of 5.5 Å [8] , proton coupled electron transfer could take place via an intermediate water molecule. In this case the process can by viewed as electron transfer and simultaneous transfer from the phenolic proton to water, coupled with transfer of one of the water protons to imidazole. The overall result of the process would thus be the same as of direct proton coupled electron transfer although the formal distance between the imidazole acceptor and the phenol is long.
Experimental
Synthesis of 2,6-bis-imidazol-1-ylmethyl-4-methyl-phenol (2) was made according to the procedure in Ref. [26] and the structure was confirmed by comparison with existing data [27] .
Crystals for X-ray diffraction analysis were obtained from a methanol-water mixture.
Intensity data were collected on a STOE-IPDS image-plate diffractometer at T = 293 K. Additional crystallographic data are given in Table 2 . The structure was solved by direct methods (SHELXS97) and refined by full-matrix least-squares on F 2 (SHELXL97) [28] . D 2 O was incorporated into the crystal by dissolving 2 it in the smallest amount of methanol followed by reprecipitation by the addition of D 2 O.
Deuterium solid-state NMR spectra were acquired with a Chemagnetics Infinity 400 MHz spectrometer (9.4 T) using the quadrupolar echo sequence [29] . The 2 H π/2 pulse duration was 1.9 μs, and the recycle delay was always at least five times the spin-lattice relaxation time. The first echo delay was set to 50 μs, and the second delay was carefully chosen so that the first point in the free induction decay was digitized at the spin echo maximum. 
